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1. INTRODUCTION 
In order to verify the 3-dimensional transient program ANTI 
(A.N. Larsen, 1980 and A.M. Larsen, E.F. Nielsen, 1980), a set 
of nuclear cross sections for a pressurized-water reactor was 
required. The present report describes the construction of such 
a data set and the verification of the cross sections against 
Westinghouse calculations. The verifications of the ANTI program 
against Westinghouse calculations and against calculations with 
the 2-dimensional finite difference program TWODIM (K.E. Lind-
strøm Jensen, 1970 and G.K. Kristiansen, 1976) are also described. 
Because data from an existing power plant was lacking a 
standardized 3000 MWt Westinghouse reactor was sele ted as 
reference. Most information about the reactor originates from the 
Westinghouse Reference Safety Analysis Report, RESAR 31. 
The cross sections have been generated with the CRSIQ program 
(A.M. Larsen, 1973 and B. Lauridsen, 1977 ) and the CDB4 program 
(K.E. Lindstrøm Jensen, 1970 and CF. Højerup, 1972). The 
programs are included in the Risø Reactor Physics Code System 
which was tested previously against calculations on both 
boiling-water reactors (A.M. Larsen et al., 1972) and pressurized-
water reactors (H. Neltrup and P.B. Suhr, 1973). 
2. DESCRIPTION OF THE REACTOR 
2.1. General Description 
The Reference Safety Analysis Report, RESAR 31 (Westinghouse, 
1976) describes the Westinghouse standardized 3000 MWt three-
loop nuclear steam supply system for a PWR. The steam supply 
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system (Fig.l) consists of the reactor and three closed reactor 
coolant loops connected in parallel to the reactor vessel. Each 
loop contains a reactor coolant pump and a steam generator. The 
nuclear steam supply system also includes an electrically heated 
pressurizer and certain auxiliary systems. 
Fig. 1. Diagram of a three-loop nuclear steam supply 
system. 
The 3000 MW plant is characterized by fuel with an active 
length of 4267 mm (168 in). Earlier Westinghouse plants had 
active fuel of 3658 mm (144 in). In Appendix A a comparison 
is given of the principal design parameters for reference 
plants with the two different fuel designs. 
The react *r power is controlled by temperature coefficients of 
reactivity, by control rod cluster notion, and by neutron poison 
in the coolant in form of boric acid. The control rod cluster 
notion is required for load-follow transients and for startup 
and shutdown. The boron in the coolant is added during cold shut-
down, partially removed at startup, and adjusted in concentration 
during core lifetine to compensate for burnup and fission product 
poisoning. 
Given below is a short description of the reactor internals and 
their function as guidance for the coolant flow inside the 
reactor vessel. The components of the reactor internals are div-
ided into three parts consisting of the lower support structure 
(including the core barrel and the neutron shield pad assembly), 
the upper core support structure, and the in-core instrumentation 
support structure. The reactor internals support the core, direct 
the coolant flow, and provide gamma and neutron shielding. The 
coolant flows from the vessel inlet nozzles down the annulus be-
tween the core barrel and the vessel wall and then into a plenum at 
the bottom of the vessel. The flow then reverses and flows up 
through the lower core support which provides the desired inlet 
flow distribution to the core. After passing through the core, 
the coolant enters the region of the upper support structure and 
then flows radially to the core barrel outlet nozzles and direct-
ly through the vessel outlet nozzles. A small portion of the 
coolant flows between the baffle plates and the core barrel to 
provide additional cooling of the barrel. 
2.2 The reactor core 
Overall description 
The reactor core is composed of an array of 157 fuel assemblies 
which are identical in mechanical design, but different in fuel 
enrichment (Fig.2). Within an assembly the enrichment distribution 
of the fuel pins is uniform. The core is cooled and moderated 
by light water at a pressure of 155 bar. The concentration of the 
boron in the coolant is varied as required to control relatively 
slow reactivity changes including the effects of fuel burnup. 
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f i e . 2. Fuel asseably arraneeaent for RESAJt 31 and Beaver 
Valley 1. The distribution of burnable poison rods in the 
f i r s t core i s indicated by the nuaber of rods per assembly. 
The boron rod distribution i s s l i g h t l y different for the 
two cores; i f two nuabers are indicated, the upper one 
refers to RESAft 31 and the lower one to Beaver Valley. 
Additional boron, in the form of burnable poison rods, i s employed 
in the f i r s t core to e s t a b l i s h the desired i n i t i a l r e a c t i v i t y . 
The d i s tr ibut ion of boron rods for the recent core des ign , RESAR 
31, i s s l i g h t l y d i f ferent from the previous des ign, Beaver Val-
l e y . Both core designs are shown in Fig . 2. 
The most e f f e c t i v e control components are the f u l l - and p a r t i a l -
length rod c l u s t e r control assemblies . The f u l l - l e n g t h rod 
c l u s t e r control assemblies provide r e a c t i v i t y control for shut-
down, r e a c t i v i t y changes due t o coolant temperature var iat ions in 
the power range, r e a c t i v i t y changes associated with the power 
c o e f f i c i e n t of r e a c t i v i t y , and r e a c t i v i t y changes due to void 
formation. The function of the part ia l - l ength rods i s to control 
the axia l power d i s tr ibut ion during xenon trans ients and to 
l imi t axial xenon o s c i l l a t i o n s should they occur. In steady-
s ta t e operation at constant power, insert ion of the par t ia l - l eng th 
rods i s not required. The rod c lus t er control assembly pattern 
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Pig. 3. Hod cluster control assenbly pattern 
The fuel assembly 
The 264 fuel rods in a fuel assembly are mechanically joined in 
in a 17 x 17 square array (Fig.4). The fuel rods are supported 
at intervals along their length by grid assemblies, which main-
tain the lateral spacing between the rods. The center position 
in the assembly is reserved for in-core instrumentation, while 
the remaining 24 positions in the array are equipped with guide 
thimbles joined to the grids and the top and bottom nozzles. 
Depending upon the position of the assembly in the core (Pigs. 
2 and 3) the guide thimbles are used as core locations for rod 
cluster control assemblies, neutron source assemblies, and 
burnable poison rods. Otherwise, tie guide thimbles are fitted 
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ASSEMBLY PITCH. 21SjQi«» 
OVERALL OMENSKMS-. 2K2>2H2i 
INSTRUMENT 
rig. <. FMl ly cross section. One-fourth of as: ly. 
Fuel rods 
The fuel rods consists of slightly enriched UO, ceramic cylin-
drical pellets contained in zircaloy 4 tubings. The tubes are 
plugged and seal welded at the ends to encapsulate the fuel. All 
rods are pressurized with helium during the fabrication. The 
cross section of a fuel rod is shown in Fig. 5. 
PUB. PELLET: 
notarial: uOj 
dm n^stor :0.19mm 
GAS GAP: 
material: He and hsiøi 
products 
OOMG 
material: zircaloy 4 
autor dNMMrttr :9.50 mm 
Mdmess: 0.57mm 
ATEO WATER 
ROD PITCH. 12.60mm 
Ft«« 5. fusl rod cross sec t ion . 
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Guide thisstles 
The guide thisfcles are structural members which also prcvide 
channels for the neutron absorber rods* burnable poison rods, or 
neutron source assemblies. The thiable is fabricated frost 
zircaloy 4 tubing having two different diareters. The large 
diameter at the top provides a relatively large annular area to 
permit rapid insertion of the control rods during a reactor trip 
as well as to accossndate the flow of coolant during normal 
operation. The lower portion has two sections with reduced dia-
seter to produce a dashpot action near the end of the control 
rod travel. 
Control as: li« 
Each of the cluster control assemblies consists of a group of 
individual absorber rods fastened at the top to a coamon spider 
assembly. These asseafclies are of two types, those with rods 
containing full length absorber material to control the reac-
tivity of the core under operating conditions, and those with 
rods containing a partial-length absorber section (10*7 nm) for 
control of the axial power distribution. The cross section of 
an absorber rod is shown in Fig. €. The drives for the full-
length rods are designed such that upon a loss of power to the 
magnetic coils, the rod cluster assembly is released and falls 
by gravity to shut down the reactor. Loss of power to the drives 
of the partial length rods will not result in any partial-length 
rod notion. 
TED ware* 
r i « . t . Control rod mmi 
fulds thisml« cross sec -
t i on . 






Burnable poison rods 
The poison rods consist of borosilicate glass tubes contained 
within type 304 stainless steel tubular cladding which is 
plugged and seal welded at the ends to encapsulate the glass. 
The glass is also supported along the length of its inside 
diameter by a thin-walled turbular inner liner. The top end of 
the liner is open to permit the diffused helium to pass into the 
void volume, and the liner overhangs the glass. The liner has an 
outward flange at the bottom end to maintain the position of the 
liner with the glass. The cross section of a burnable poison rod 
is shown xn Fig. 7. The rods are positioned in selected guide 
thimbles within the fuel assemblies and a fuel assembly can 
have either 12, 16, 20, or no burnable poison rods (Figs. 2 and 8). 
ABSORBED: 
material: boronsilicate 
weight of B10:0.623g/m rod 
GUIDE THIMBLE 
material: zircaloy & 
outer diameter: 12.2 mm 
thickness: tt4 mm 
CLAOOING: 
material:30£ SS 
inner lir.er. outer diameter: 
4.61 mm 
outer liner, inner diameter: 
9.68 mm 
BORATED WATER 
Fig. 7. Cross section of 
a burnable poison rod. 
R00 PITCH-12.60 mm 
B poison rod 
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Fig. 8. Distribution of 
burnable poison rods 
within an assembly. The 
fuel assembly arrange-
ment is given in Fig. 2. 
20 POISON RODS 16 POISON R00S 12 POISON ROOS 
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2.3. The reflector 
The active core is surrounded by borated water and stainless 
steel. The top and bottom reflectors have each a thickness of 
approximately 25 cm, and the side reflector is 38 cm thick. 
Detailed information about the composition of the axial reflec-
tors was not found in RESAR 31, so the description below is 
devoted to only the radial reflector. 
The lower core support structure is the main part of the side 
reflector. This support structure assembly consists of the core 
barrel, core baffle, neutron shield pads, and core 
support which is welded to the core barrel, Fig. 9. 
REFLECTOR 
o.d. :360 cm 
THERMAL SHIELD 
thickness :6.8 cm 
d.: - 365cm (estimated) 
CORE BARREL 
.d. :340cm 
o.d.: 350.2 cm 
CORE BAFFLE 





Fig. 9. Cross section of the side reflector. 
One-fourth of core. 
All the major material for this structure is type 304 stainless 
steel. The core baffle is attached to the core barrel inner 
wall and forms the enclosure periphery of the assembled core. 
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The lower core support structure and the core barrel serve to 
provide passageways and control for the coolant flow. The neutron 
shield pad assembly consists of four pads tnat are bolted and 
pinned to the outside of the core barrel. 
3. MODIFIED REACTOR CORE AND REFLECTOR DESIGN 
For calculations of the nuclear cross sections it was necessary 
to use a slightly modified reactor design. A description of the 
geometry of the modified model is given in this chapter and the 
material number densities of the different regions are listed in 
Appendix B. 
3.1 Pin cells 
The fuel pin cell 
For the fuel pin calculations an equivalent cell of three 
cylindrical regions was used (Fig.10). The area of the moderator 
region is the same as in the real square lattice. 
MODERATOR REGION 
outer diameter: 14.2 mm 
CLADDING AND GAS 
GAP REGION 
outer diameter: 9.52 mm 
FUEL REGION 
outer diameter:8.24mm 
Flq. 10. Fuel rod equivalent c e l l . 
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The gas gap and the cladding are homogenized and the amount of 
spacer material corresponding to the pin cell is included in 
the cladding region. The influence of fuel and cladding tempera-
ture variations on the cell geometry and material densities is 
neglected. The equivalent cell corresponds to an average fuel 
temperature of 675 °C and an average cladding temperature of 
350 °C. 
Guide thimble cells 
For the water pin, boron pin, and control pin cells it is 
necessary to include a driver zone as neutron source in the 
calculations. The driver zone is composed of the eight neigh-
bouring fuel pin cells adjacent to the guide thimble cell (Pig.11). 
SOURCE-FREE CELL 
equivalent diameter: K.2mm 
DRIVER ZONE 
equivaient diameter:42.6mm 
Fig. 11. Driver zone for guide thimble c e l l « . 
The equivalent cells for the water-, control-, and boron pins 
are shown in Figs. 12-14, respectively. The amount of spacer 
material corresponding to each cell is included in the guide 
thimble region. The moderator density of the inner moderator 
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region is kept constant (no void) even in case changes occur in 
the outer moderator density. The boron concentration (ppm) in 
the coolant is the same for the inner and outer moderator. 
INNER MOOERATOR 
outer diameter: 11.4 m m 
GUIDE THIMBLE 
outer diameter: 12.2mm 
OUTER MOOERATOR 
outer diameter: 14.2 m m 
Fig. 12. Hater pin equiv-
alent c e l l . 
ABSORBER 
outer diameter: 8.66 mm 
CLADDING 
out er diameter: 9.6 m m 
GUIDE THIMBLE 
outer diameter: 12.2mm 
INNER MODERATOR 
outer diameter: 11.4mm 
OUTER MOOERATOR 
outer diameter: 14.2 mm 
Fig. 13. Control pin 
equivalent c e l l . 
ABSORBER 
outer diameter -. 8.6 mm 
INNER MOOERATOR 
outer diameter-.4.6 mm 
INNER MOOERATOR 





outer diameter-.14.2 mm 
GUIDE THIMBLE 
outer diameter-. 122mm 
Fig. 14. Boron pin equiv-
alent c e l l . 
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3.2. Fuel assemblies 
The equivalent fuel assembly is composed cf 264 identical fuel 
pin cells and 25 source-free pin cells arranged in a 17 x 17 
array. The pin cell array is srrrounded by a narrow watergap of 
0.43 mm width so the assembly cell overall dimension becomes 
215.06 x 215.06 mm2. 
For the two core configurations, RESAR 31 and Beaver Valley 1, 
a total of 9 different fuel assemblies are needed (Fig.2). The 
assemblies differ in fuel pellet enrichment, number of boron 
rods per assembly, and whether a control assembly is present or not. 
The characteristics of the nine assemblies are listed in Table 
1. For each assembly the nuclear cross sections must be calcu-
lated as functions of moderator density, fuel temperature, and 
concentration of boron in the moderator. 
Fuel assembly No. Enrichment Number of + with control rod 



















Table 1. Fuel assembly characteristics. 
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3.3. Reflectors 
So far no attempt has been made to calculate albedo values for 
the top and the bottom reflectors. For the side reflector first 
2-group gamma-matrices are generated* these are then transformed 
to albedos (Chapter 4) . 
For calculating the 2-group cross sections for the side re-
flector materials the cylindrical geometry in Fig. 15 was used. 
Compared with Fig. 9 the core baffle ought to be closer to the 
core and the core barrel and the thermal shield should be 
separated with a watergap. An accurate description of the actual 
geometry of the side reflector was not found in RESAR-31. How-
ever, Fig. 9 is expected to be more correct. Whether or not the 
core barrel and thermal shield are kept close to each other is 
not believed to alter the results significantly, but an incor-
rect core baffle position might have some influence on the 
results. 
-DRIVER 
o.d. :3.040 m 
MODERATOR 1 
o.d. :3270 m 
CORE BAFFLE 
o.d. :3.300 m 
MODERATOR 2 
o.d. :3.400 m 
CORE BARREL AND 
THERMAL SHIELD 





o.d. :3.800 m 
Fig. 15. Equivalent reflector geometry for calculating 
cross sections for the side reflector regions. 
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The reflector is represented either by gamma matrices or 
albedos. It is possible to convert a gamma matrix to an albedo 
(cp. 4.2). By means of the 2-group cross sections for the indi-
vidual reflector regions, gamma matrices for the reflector are 
calculated in slab geometry. Two matrices are calculated, rep-
resenting either the conditions close to the quarter-axis or 
an average condition (Fig.16). In both cases the core baffle 













and thermal shield 
thickness: 119 mm 
MODERATOR 2 
/////////// 




thickness:- 5 mm 
CORE /REFLECTOR 
BOUNDARY 
Fig. 16. Slab geometry for calculating gamma matrices 
for the side re f l ec tor . 
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4. CONSTRUCTION OP CROSS SECTIONS 
4.1. Computer codes 
For each of the nine different fuel assemblies in the reactor 
core 2-group cross sections are required as functions of the 
parameters: fuel temperature, moderator density, and boron con-
centration. The fuel box code CDB (K.E. Lindstram Jensen, 1970) 
may handle fuel pins of different compositions and non-burnable 
regions, e.g. water holes and control rods, burnable poison in 
the fuel, and burnable poison rods. The program combines the 
unit cell flux distribution and burnup calculations with a 2-
dimensional diffusion theory flux solution for the fuel assembly, 
yielding power distributions, isotopic concentrations, box 
average cross sections, etc. as functions of the burnup. The 
number of energy groups for the pin cell and assembly flux cal-
culations is flexible/ however, 10 and 5 groups are recommended, 
respectively. The pin cell flux calculation may be omitted 
for pin cells without burnable material. If so, the pin cell 
should be represented by 5-group single-region macroscopic cross 
sections for the assembly flux calculation; otherwise 10-group 
multiregion microscopic cross sections are required. 
The multigroup cross sections required by CDB for the pin cells 
are provided with the program complex CRS (A.M. Larsen, 1973). 
CRS gets fine group data from the SIGMA Master Tape and RESAB 
or RESOREX and supplements with thermal scattering matrices 
from the subroutine NELKINSCM. The subroutine GP calculates the 
fine group spectrum using multiregion probability methods in 
a specified cylinder cell. The number of fine groups is 76. 
The radial reflector is represented by 2-group gamma matrices, 
which are produced by HECS (J. Pedersen, 1969) using collision 
probability methods. The gamma matrix is defined from the matrix 
equation 
J - 1 £ (4.1.1) 
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where J and 0 represents the boundary neutron current and flux, 
respectively. The 2-group multiregion macroscopic cross sections 
required for the HECS calculation are generated by CRS. 
4.2. Reflector representations 
One of the purposes of the present work was to test the static 
neutronics part of the 3-dimensional transient program ANTI 
(A.M. Larsen, 1980). ANTI is a nodal program and it utilizes a 
1-group albedo representation for the reflector boundary. For 
verification of ANTI the 2-dimensional finite difference program 
TWCDIM (K.£. Lindstrøm Jensen, 1970) was used. The reflector 
representation in THODIM is a 2-group gamma-matrix representa-
tion; hence for comparing ANTI and TWODII* a transformation 
of gamma-matrices to albedos is required. Such a transformation 
of a 2_group gamma-matrix to a 1-group albedo is given below. 
According to diffusion theory, the neutron currents in the 
positive and negative directions are, respectively, 
- _ 0 . J 
w+ ' 4 + 2 
T 0 J 
-
 =
 4 ' 2 
The net neutron current is J 
The albedo, 3/ is defined as 
6 = Jt+ - & ' and Y = i 
The superposition principle is applied for fluxes and currents 
in group theory, so the 2-group expressions for the net flux 
and the net current are as follows 
0 = 01 + Øj 
(4.2.3) 
J = Jl + J2 
(4.2.1) 
J - J and 0 is the neutron flux. 
(4.2.2) 
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u L 'j 
(4.2.4) 
Using Eqs. 4.2.3 and 4.2.4 the final expression for the 1-group 
albedo (Eq. 4.2.2) is 0-
.
 Yll+Y12+Y22 0 




The flux ratio should represent the value at the boundary between 
the active core and the reflector. 
4.3. Pin cell and assembly calculations 
For each of the 9 fuel assemblies listed in Table 1 cross sec-
tions should be found as functions of the fuel temperature, 
the moderator density, and the boron concentration in the mode-
rator. The cross section functions should cover normal operating 
conditions and operational transient conditions. 








Extending from the reference condition, the fuel temperature 
and the moderator density were varied within the range given 
in Fig. 17. 
- 23 -





575 650 1025 
ERATURE ("Cl 
Fiq. 17. Values of fuel tenperature and Moderator 
density for which fuel assembly calculat ions ver* 
carried out. 
According t o fuel pin c e l l s tudies the dependency of the boron 
concentration on the cross sec t ions was extremely l i n e a r , so 
the assembly ca lcu la t ions in F i g . 17 were carried out for only 
two boron concentrations, namely 0 and 900 ppm. To a t t a i n 
high accuracy, cross sect ions should be ca lculated for each of 
the pin c e l l s as functions of a l l the three parameters given 
above. However, pin c e l l ca lcu la t ions are rather time consuming, 
e s p e c i a l l y for the source-free pin c e l l s where driver zones 
are required. Hence, for these c e l l s , where the fuel tempera-
ture dependency i s a secondary e f f e c t , moderator e f f e c t s were 
predominantly cons idered. 
The material number d e n s i t i e s for the various c e l l s are given 
in Appendix 8, and the resu l t ing cross sec t ions for the a s -
semblies are l i s t e d in Appendix C. 
For use in ANTI, a polynomial representation of the assembly 
cross sec t ions was found to be most adequate. By means of the 
non-linear least -squares f i t t i n g program CROSSFIT polynomia 











325 500 ( 
FUEL TEMPI 
- 24 -
Dl » cL (1 + c2R • CjR2) 
D2 « c4 (1 • c5R • cfiR2 ••• c?R3) (1 •»• Cjl) 
ES2* c9 (1 * C10R * C 1 1 R 2 * C 1 2 R 3 ) ( L * C13T1 (1 * C14B> 
Ei * C15 ( 1 + C16R + C 1 7 R 2 ) ( 1 * C18T) ( 1 + C19B) 
Ea " C20 (1 * C21R * C 2 2 R 2 ) * C23B (l * C24R} 
wEf " c25 {1 * C2€R * C 2 7 R 2 ) 
vEf * c28 {1 + C29R + C 3 0 R 2 ) * C31B (1 * C32R) 
C33 
(4.3.2) 
The parameters are 
O,, D« Diffusion constants for the fast and thermal neutron 
group, respectively (cm) 
12 -1 £ Down scattering cross section (cm ) 
S 
E~, £~ Absorption cross sections, fast and thermal group, 
a a * 
respectively (cm~J>) 
£*, ZZ Fission cross sections, fast and thermal group, re-
*f f 
spectively (cm" ) 
1 2 \nv«v Number of neutrons produced per fission 
p_ Moderator density (g/cm ) m 
B Boron concentration in moderator (ppm) 
in 

















/ T f o 
The subscript "o" refers to the reference condition. 
For each fuel assembly two sets of coefficients, c.. i*l,33, 
were calculated. The two mmts represent new fuel either with 
Xe/Sm in equilibrium or without Xe/Sm. The polynomial coefficients 
are listed in Appendix D. 
1x4 T FtflfCW calculiUon* 
Calculations of reflector values were carried out only for the 
reference condition. The two gwii matrices described in Chap. 
3.3 obtained the following values 
Quarter-axis condition: 
Average condition 





To convert the gamma-matrices to albedos the 2-group 
flux ratio along the core boundary is required (Eq. 4.2.5), 
Using the gamma-matrices as boundary conditions the flux ratio 
along the periphery of the active core was found. The result of 
the calculations became an albedo of 0.60 with an insignificant 
variation along the core boundary (less than 0.01). The calcu-
lations were repeated for a reflector where the basic form of 
the core baffle was a cylinder, i.e. the core baffle was removed 
a small distance fron the active core. These calculations resulted 
in almost the same albedo value. 
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5. OVERALL CALCULATIONS 
5.1. Comparison of TWODIM calculations with Westinghouse results 
A version of the TWODIM program was modified for handling the 
cross sections in a form similar to that of ANTIs. However, TT70DIM 
needs a full 2-group scattering matrix and from the functions 
given in Eq.4.3.1. only the following matrix elements can be 
found: 




I« . Z[ 
21 1 For the missing parameters, i.e. E , v , and the fission 
spectrum, the values corresponding to the reference condition 
were used. 
TWODIM was applied for the calculation of the normalized hori-
zontal power distribution for an unrodded Beaver Valley 1 core 
at hot full power. In this case the core baffle had the shape 
of a cylinder, the coolant inside the core baffle was represent-
ed by cross sections, and the remaining reflector was represent-
ed by gamma-matrices. Referred to Westinghouse results (Appen-
dix E) the maximum error was 0.06. In the more realistic case 
with a core baffle following the core periphery, the result 
should improve a little, as the relative power at the reflector 
should then decrease slightly. 
From the information given in the safety analysis reports, it 
was impossible by means of 2-dimensional calculations to verify 
the cross sections for the rodded fuel assemblies. 
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5,2. Comparison of ANTI and TWCDIM calculations 
The expression for the internodal coupling coefficients in 
ANTI involves the quantities: 
r, = the probability that a neutron leaving a node enters a 
neighbouring node in the same horizontal layer 
r = the probability that a neutron leaving a node enters a 
neighbouring node in the same vertical channel 
a = the probability that a neutron will remain within the node 
where it is born 
p = the probability that a neutron entering a node will be 
reflected directly to a neighbouring node 
& = the probability that a neutron entering a node will be 
directly absorbed in that node 
y = the probability that a neutron entering a node can be 
treated as born in that node (p+6+y=l) 
a « * 
y 
In the program the probabilities are given as functions of the 
nodal dimensions, the local cross sections, and of 4 empirical 
parameters g.,i=l 4. The expressions have the following form 
(Babala et al., 1971) 
gl 
r. = 3 „ (5.2.1) 
h g, 
2+4 s 
ry = L-j- {5'2-2) 
2+4 s 1 
a = 1 - exp (-g, a2/M) (5.2.3) 
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2 2 2 vzE^ 
a
 = 9^ *9 ~1T^ (5.2.4) 
p = exp (- g4/D2) (5.2.5) 
where 
s = — , AX and AZ are the horizontal and vertical 
dimensions of the node, respectively (5.2.6) 
_ _ 3AX AZ
 (e. _ 7. 
3
 " AX+2AZ (5.2.7) 
M = ^
 + / D £
 {528) 
E 1
 + E12 E2 a s a 
1 2 
M2 = B + — (5.2.9) 
1 12 2 E + E E 
a s a 
k is the infinite multiplication factor for the node. 
The ANTI calculations showed a very strong dependence on the 
choice of g-parameters. By means of more or less theoretical 
methods Babala et al., 1971 suggested the following g-set 
9X = 1.7 
g_ = 0.038 
n - n fi (5.2.10) 
g 3 = 0.6 
g 4 = 4.50 
but in comparison with other codes g =3.07 appeared to be better, 
at least for BWR-systems. This g-set should be valid for nodal 
dimensions 10 cm £ AX, AZ £ 20 cm and 0.5 £ AZ/AX £ 2. 
For the present work two different nodal configurations were 
studied. In both cases the nodes had an almost cubic shape 
with AX/AZ = 1.008, but with AX equal to either a 1/1 or 1/2 fuel 
pitch. For comparison with TWODIM two small 2-dimensional test-
cases were studied. These included one horizontal layer of nodes 
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and 1/8 of the core periphery only. The axial albedos were both 
1.0 corresponding to ideal reflecting conditions. 
Compared with TWODIM calculations the g-set (5.2.10) did not fit 
the power distribution well; in the case of one node per fuel 
assembly, especially, the result was very poor. However, the 
reactivity was acceptable in both cases. If g3=3.07, as suggested 
for BWRs, the power distribution became even worse. By varying 
g3 it was found that the smaller is g,, the better is the power 
distribution, but the reactivity decreases; even for g,=0 the 
power distribution is unacceptable (Fig. 18). 
0.10 -
0.05 I-
Power shop« deviation, f 
Reactivity, k - 1 
0.5 1 
COUPLING COEFFICIENT g3 
Fig. 18. Comparison of ANTI and TWODIM resul ts for different 
values of g , . In ANTI each fuel assembly i s represented by 
one node. The power shape deviation i s calculated as the 
square deviation of the horizontal power shapes normalized 
to one per node. 
According to Pig. 19 a better power d i s t r i b u t i o n can be estab-
l i shed by changing g 4 instead of g3 ,and in t h i s case the reac-
t i v i t y i s not a l tered so much. Final ly, a variat ion of g_ was 
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aio 9, 1.7 
g j : 0.038 
aos 
Power shape deviation, f 
1 2 3 4 5 
COUPLING COEFFICIENT g t 
Fig. 19. Comparison of ANTI and 
TWODIM resu l t s for different 
values of g., and one node per 
assembly in ANTI. For "the d e f i -
n i t ion of the power shape de-
v ia t ion , f, see Fig. 18. 
t r i ed , but no further improvements of the resu l t s were obtained. 
Consequently,the following g-set was chosen for the case with 




0 . 0 3 8 
0 . 6 
0 . 6 5 
( 5 . 2 . 1 1 ) 
A similar method was applied in the case of 4 nodes per as-









There is no significant discrepancy in the accuracy of ANTI in 
the two cases with different nodal representations , 
The investigations above were all performed at a hot operating 
condition with all control assemblies fully out of the core. 
- 31 -
To investigate other power conditions, a few other power distri-
butions were established by inserting control assemblies and 
increasing the reaction rate at local spots, but maintaining 
the g-sets. A significant discrepancy between TWODIM and ANTI 
was found only in the case of an extreme local power peak. In 
all other cases the accuracy was almost the same as in the re-
ference case. The power distributions for the cases above are 
included in Appendix F. 
As part of the Nordic reactor physics benchmark problem, 1980, 
a comparison of a 3-dimensional ANTI calculation and a 2-dimen-
sional TWODIM calculation in cylindrical geometry was made 
(A.M. Larsen ard B. Thorlaksen, 1980) . In this case the nodal 
dimensions were DX=21.4 cm and DZ=25.0 cm and the coupling 
coefficients had the values given in Eq. 5.2.11. Even in this 
case there was good agreement between the power distributions 
calculated by ANTI and TWCDIM. 
According to the investigations above it can be concluded that 
the power shape calculated with the nodal method is extremely 
dependent on the choice of coupling coefficients. However, the 
"correct" g-factors are mostly dependent on the nodal configur-
ation, and different operating conditions can be modelled fairly 
well with the same g-set. 
5.3. Axial power distributions 
As mentioned previously (p. 20) no attempt was made to estimate 
the efficiency of the top and bottom reflectors. These have no 
direct influence on the radial power distributions, and in fact 
the influence on the axial distribution is also modest. 
Fig. 20 shows the axial power distribution for an unrodded 
reactor core of the Beaver Valley design. The calculation was 
made with the Swedish POLKA program, and is compared to a si-
milar ANTI calculation. In the two cases the axial albedos were 
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0 25 50 75 100 
PERCENT OF ACTIVE CORE HEIGHT FROM TOP 
Fig. 20. Axial i*>wer shapes for an unrodded core 
calculated with ANTI and POLKA, respectively. 
same, it is not obvious that the axial albedos should be 
equal, as the coupling coefficients are different. In fact, the 
radial albedoes in ANTI are about 50% larger than in the POLKA 
case. However, the deviation of the two curves in Fig. 20 is 
not significant, and by the fitting of either the coupling coeffi-
cients or the axial albedos, it should be possible to make the 
accordance even better. It seems as if the ANTI curve is slight-
ly more peaked at the bottom end; this could also be due to 
different hydraulic models or moderator feed back systems. 
In Fig. 21 an ANTI calculation is referred to the axial power 
distribution given by Westinghouse for a reactor state with the 
partlength control assemblies placed at the axial mid-plane. 
Obviously, the ANTI absorber is too strong compared to Westing-
house. In this case the ANTI power peak at the lower part of 
the core is more pronounced than in the previous case. 
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O 25 50 75 100 
PERCENT OF ACTIVE CORE HEIGHT FROM TOP 
Fig. 21. Axial power shape calculated with ANTI 
and referred to Westinghouse for a core with 
the part-length control assemblies at the axia l 
midplane. The deviation might be caused by dif -
ferences in the act ive core height. 
0 25 50 75 100 
PERCENT OF ACTIVE CORE HEIGHT FROM TOP 
Fig. 22. Axial power shapes as in Fig. 21, but 
with the part-length control assemblies at the 
lower end of the core. 
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Fig. 22 represents a situation with the part-length assemblies 
at the bottom position, which, in this connection, means covering 
a region from about 55% to 80% from the core outlet. Even in 
this case the control power seems to be overestimated in ANTI, 
although the two curves almost merge. 
According to the calculations above it is concluded that the 
coupling coefficients found previously from 2D-calculations can 
be used also for 3D-cases. Further, the top and bottom reflectors 
seem to have only a slight influence on the axial power distri-
bution. 
The neutron absorption of the ANTI control assemblies is strong 
compared to Westinghouse; however, the conditions are not spe-
cified in detail for the reference cases, so the value of the 
results cannot be fully estimated. The different degrees of con-
trol could be due to differences in the active core height. The 
ANTI calculations have been performed with an active core height 
of 4.26 m, which corresponds to the most recent core design. The 
Westinghouse results should also be valid for this design as 
they are included in RESAR 31; however, the curves seem to have 
been taken over from the final safety analysis report for 
Beaver Valley 1, which has an active fuel height of only 3.65 m. 
In both designs the part-length assemblies cover one quarter of 
the active fuel height. 
6. CONCLUSION 
Nuclear cross sections for nine different fuel assemblies of 
the more recent Westinghouse designs are calculated as functions 
of the average fuel temperature, moderator density, and moder-
ator burnable poison concentration. For each assembly two data 
sets are given, each representing new fuel, but either 
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without Xe and Sm or with Xe and SK in equilibrium concen-
trations . 
The cross section functions were verified by referring to 
Westinghouse power shape calculations. From the nine fuel as-
semblies a reactor core of the most recent Westinghouse design, 
as described in RESAR 31, can be composed. Also earlier designs, 
as, for example. Ringhals 3 and Beaver Valley 1 can be represented. 
Calculations on the side reflector resulted in significantly 
higher values of the reflector albedo referred to albedo 
values taken over from the ANDYCAP project. This led to an 
investigation of the influence of the ANTI interaodal coupling 
coefficients on the power shape. It was concluded that the cal-
culated power shape is strongly dependent, on the choice of 
coupling coefficients. However, it was shown that it is easy to 
find a set of coupling coefficients with which different oper-
ating conditions can be modelled quite well, if only the nodal 
configuration is unchanged. 
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APPENDIX A 
The following tables compare the principal nuclear, thenao-
hydraulic, and mechanical design parameters for two recent 
Westinghouse reference plants. The main difference between the 
two reactors is the height of the active core, which is either 
4267 mm or 3658 mm. The Ringhals 3 and 4 reactors are of the 
latter design. 
REACTOR DESIGN COMMKISON TABLES 





3« SI-MI Cor* 
(12 ft) 
Overall 
Reactor cor* heat output, MNt 
Number of coolant loop« 
Heat generated In fuel, 1 
System pressure, nominal, bar 












Total thermal flow rate, kg/s 
effective flow rate for heat transfer, kg/s 
effective flow area for heat transfer, m 
Average velocity along fuel rods, m/s 
Average mass velocity, kg/(s-m2) 
Coolant temperature 
Nominal inlet, °C 
13.95 10J 
Average rise in vessel, C 
Average rise in core, °C 
Average in core (H), °C 
Average in vessel IT), °c 









12.71 • lO' 










Active heat transfer, surface area, m 
Average heat flux, w/cm 
Maximum heat flux for normal operation, w/cm 
Average linear power, W/cm 
Maximum linear power for normal operation, w/cm 
Peak linear power for determlng 
protection setpoints, W/cm 
Heat flux hot channel factor, fQ 
F'IIL'1 central temperature 
i'udk .it 100* power, °C 
Peak jt peak linear power for determlng 
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Hod p i t c h . a s 
o v e r a l l d iaansioas, as 
A s u a b l y p i t c h , as 
Foal ue ient (UO z l . b« 
Z i rca loy weight ( t o t a l ) , k« 
iruaStr o f a r i d * por i m ^ l y 
Ceases! t i o e of e r i d s 
Meieht of e r l e s ( e f f e c t i v e l a 
Kaster » f {s ide th ias les per 
Uvaser of ins t rsasat t h i a s l e * 
C o a f c s i t i n of ealde th ias les 
Loadin« U d n t f i i 
». k« 
IT 
K C caaless 
1ST 
2«« 
1 2 . • • 
21« - 214 
211.04 
• S M I 
21*9 ) 
* - t y s s • 
lacesel T H 
24 
1 f c o n t r a i l 
Z l r c a l e y - 4 
) r e e i a a . aaa oaife 
Fuel rods 
Outside dlaaeter. as 
Diasrtral «ap 




4 . I T 
4.ST 
Z l r c a l e y - 4 
4144a 
• -S« 
• - I T 
• .ST 
z i r c s l e y - 4 
Fuel p o l l o t s 
Mate r ia l 
Densi ty , » o f t h e o r e t i c a l 
D iaae ter , as 
Leneth, an 
"Ms* of VO. per leaath of fue l r a d . ke /a 
g o . s i n t r e * 
•S 
t . l * 
l l . S 
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» . I t 
l l . S 
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i 1.4 11.4 
\e.d 12.2 
Rod cluster control assess lies 
neutron absorber full and part-leneth 
Coasosition 
Density, a/ca1 
Dlaaeter of absorber, as 
Claddlna aaterial 
Clad outer diaaater, aa 
Clad thickness, an 
Kustbdr of clusters, full/cart leneth 
Nuaber of absorber reds per cluster 
l^ -nqth of active section of part length 
absorber, as 






















Burnable poison rods (first core) 
Number 
Material 
Outside diameter, on 
Inner tube, o.d., an 
Clad material 
Inner tube material 
Boron loading (w/o B,0- in glass rod) 















0.623 10 0.623 10 
Core structure 
Material 





Neutron pad design 
(4 pads bolted and pinned 
to the outside of the core 
barrel.)Dimensions at each 
pad: 
width 1220 mm 
length 3744 mm 
thickness 68 mm 
304SS 
3400/3502 
Neutron pad design 
3648/3759 





Core diameter, mm (equivalent) 





Reflector thickness and composition 
Top - water plus steel, mm 
Bottom - water plus steel, mm 
Side - water plus steel, mm 


















The material number densities given below were used for cal-
culating the nuclear cross sections for fuel assemblies and 
side reflectors, Cp. 3. The number densities correspond 
to an average fuel temperature of 675 °C, and an average 
cladding temperature of 350 °C. 
The fuel pin 
(see F ig . 
C e l l . r e o i o n 
Fue l 
C l a d d i n g 
Moderator 
f o r 900 ppm 
10) 
c e l l 
















R e g i o n 1 
4 . 9 9 - 1 0 - 4 
2 . 3 0 * 1 0 - 2 
4 . 7 0 - 1 0 - 2 
O % 
4 . 7 2 - 1 0 " 2 
2 . 3 6 - 1 0 - 2 
6 . 3 9 - 1 0 - 6 







. 5 1 
. 2 6 
. 5 9 
. 7 2 
d e n s i t i e s ( 1 0 2 * 









of c o r e ( s e e 
S e a i o n 2 
6 . 1 8 - 1 0 - * 
2 . 2 9 - 1 0 - 2 
4 . 7 0 - 1 0 - 2 
7 . 5 9 - 1 0 - « 
1 . 6 9 - 1 0 - 3 
7 . 3 0 - 1 0 - 4 
3 . 7 7 - 1 0 - 2 
1 . 2 8 - 1 0 - 3 
6 . 0 4 - 1 0 - « 
3 . 0 3 - 1 0 - 5 
Void p e r c e n t 
10 » 
4 . 3 1 * 1 0 - 2 
2 . 1 6 - 1 0 - 2 
6 . 3 0 - 1 0 * 6 
2 . 6 0 - 1 0 - 5 
Atoms/cn|3) 




















Rea ion 3 
7 . 3 7 - 1 0 - 4 
2 . 2 8 - 1 0 - 2 
4 . 7 0 - 1 0 - 2 
80 t 
1 . 4 9 * 1 0 - 2 
7 . 4 4 - 1 0 - 3 
2 . 1 3 - 1 0 * 6 
8 . 9 8 - 1 0 - 5 
- 42 -
The water pin cell 
(see Fig. 12) 
Cell reqion Material Number densities (10-* Atoms/cn>3) 
Inner Moderator As tor the moderator reqion of 

















Outer moderator As for the moderator reqion of 
the fuel pin cell. 
The control pin cell 
(see Fig. 13) 



















As for the water pin cell 
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The boron pin cell 
(see Fig. 14) 
Cell region Material 












As for the water pin cell 
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APPENDIX C 
Nuclear cross sections for the fuel assemblies given in Table 1, 
p. 19, are listed below as functions of 
Boron: The moderator boron concentration in ppra 
Temperature: The fuel average temperature in K 
Density: The moderator density in g/cm 
The units are: 
Diffusion constants: cm 
Cross sections: cm -1 
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APPENDIX D 
Polynomial coefficients for the fuel assembly cross sections 
are listed below. The first 33 numbers in each group correspond 
to c , i = 1,33 given in Equation 4.3.2, p. 26. The remaining three 
numbers, representing v., and the fission spectrum, respectively, 
refer to the reference condition and are needed for TWODIM cal-
culations only. 
The reference condition is 
fuel temperature : 675 °C 
moderator density : 705 kg/m 
boron concentration: 900 ppm 
- 50 -
Polynomial c o e f f i c i e n t s for 
New fuel without Xe and Sm. 
assembl ies 1-9. 
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. 62756 -0 






.4095E*00 - .3534E*01 
.14236-g2- .586gE-C5 
.79556-01 . 4 f l ? s * g 0 
.4331E*03 .11816*00 
. 2 6 0 8 : * 0 1 .10006*01 
, 79196*0g - . 29306*01 
,1475E-Q2- .< .237ÖE*Ö0- . -g 63866-05 
.1349E-04 . 8 8 0 5 6 - 0 1 .39006*0g 
. 1 5 2 2 £ * 3 g - . 3 9 1 4 6 * 0 3 . 1 1 * 8 6 * 0 0 
.24306*01 . 25626*01 . 10006*01 
- , 1 1 5 8 £ * g i 
- . 5 9 2 7 6 * 0 0 -
.13576-04 
. 1 4 5 6 £ * 0 0 -
.24306*01 
.71715*00 
. 14476 - "" 
_ . . . 30336*31 
E Ö2- .d3 !de -35 
5766-01 .39156*00 
. - 9 0 9 6 * 0 0 .11716*30 
.25626*01 .10306*31 
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Polynomial coeff ic ients for assemblies 1-9. 
New fuel , but with Xe and Sm in equilibrium con-
centrat ions . 
. 1 3 9 4 £ * 0 1 -
.6545E-05 
. 9159E-02 
, 3 7 3 2 5 - 0 9 
. 1 2 3 8 6 * 0 1 -
.5612E-05 
. 4 3 5 2 E - 0 1 -
.3732E-09 
. 25166*00 -
. 37326 -09 
. 1 4 0 8 6 * 0 1 -
-Mimi 
- . 3S06E*00 
. 26236*00 -




. 97256 -02 
- . 3 8 3 2 E * 0 0 
itmm 
. 13956*01 
. 5 7 6 8 6 - ' 
. 9 7 8 3 6 -
-:ll8li:._ 
. 3 7 3 2 6 - 0 9 
. 12396*01 
. 4 3 7 "" 
"llf38É*g 










.39756*00 .43116*00« .48116*00 
.11396-01 
. 1 5 6 9 6 - 0 1 -
.65976-05 . ., , . . ^
 x . 
. 5 3 3 9 6 * 0 0 - . 2 * 2 3 6 - 6 5 .10866*01 






. 2 i 7 i r - -
.2430 
. 4 2 9 8 6 * 0 0 - . . 52116*00 
.17596 -01 .^ * . 
.19236*00- .S606E*eO 
.65556-05 .15296*01 „ 
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.37836*00 . 4 2 4 3 6 * 0 0 - . 1 1 4 2 6 * 0 1 
. 9 3 8 7 6 * 0 0 - . 1 4 8 7 6 * 3 l -
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. 9 3 7 7 6 - 0 1 - . 2 0 6 0 6 * 0 0 -
.33556 -02 . 1 0 3 * 6 - 0 4 





























- . 3 0 7 9 6 * 0 1 
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.63296-55 .15296*21 .62626-02 . 14526*00 -
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Normalized horizontal power distributions for Beaver Valley 
unit 1. TWODIM calculations referred to Westinghouse results. 
Relative assembly powers for one octant of an unrodded core near 
beginning of life is shown below. The reactor state is hot full 
power with 916 ppm boron in the coolant. For the sub-reflector 
inside the core baffle cross-sectional representation is used, 
while the remaining reflector is represented by gamma-matrices. 
Key; 
Upper value: Westinghouse 
Lower value: TWODIM 
Mo Xenon 
1.X4 
1 . 1 6 
1 . 0 8 
1 . 1 4 
1 . 1 3 
1 . 2 0 
. 
1 . 1 9 
1 . 2 0 
1 . 1 7 
1 . 2 1 
1 . 2 1 
1 . 2 1 
1 . 1 0 
1 . 1 4 
1 . 2 0 
1 . 1 9 
1 .14 
1 .15 
1 . 1 1 
1 .08 
1 . 2 1 
1 . 1 8 
1 . 1 4 
1 . 1 5 
1 . 1 2 
1 .09 
0 . 9 7 
0 . 9 5 
0 . 8 4 
0 . 7 9 
1 . 1 9 
1 . 1 8 
1 . 1 4 
1 . 1 0 
0 . 9 3 
0 . 9 6 
0 . 9 0 
0 . 3 7 
0 . 6 2 
0 . 6 5 
1 . 0 6 
1 . 0 2 
1 . 0 1 
1 . 0 0 
0 . 9 0 
0 . 9 0 
0 . 5 9 
0 . 6 3 
0 . 8 2 
0 . 3 5 
0 . 6 2 
o.6a 
Equilibrium Xenon 





1 . 2 1 
1 . 2 1 
1 . 2 1 
1 . 1 8 
1 . 2 2 
1 . 2 2 
1 . 2 1 
1 . 1 1 
1 .15 
1 . 2 1 
1 . 2 0 
1 . 1 4 
1 .16 
1 . 1 2 
1 .08 




1 . 1 3 
1 . 0 9 
0 . 9 7 
0 . 9 5 
0 . 3 5 





0 . 9 8 
0 . 9 6 
0 . 8 9 
0 . 8 7 
0 . 6 2 
0 . 6 5 
1 . 0 5 
1 . 0 1 
0 . 9 9 
0 . 9 9 
0 . 9 3 
0 . 3 9 
0 . 5 9 
0 . 6 0 
0.911 
0 . 8 2 
0 . 6 1 
0 . 6 6 
- 53 -
APPENDIX F 
Comparison of normalized horizontal power distributions cal-
culated with ANTI and THOOIH for different core configurations. 
The values represent the relative channel power fro« ANTI sinus 
the corresponding channel power fro« TWODIM. One octant of the 
core« representing channels no. 1-26, is shown. The power 
shape is altered either by inserting control assemblies or by 
increasing the fission cross sections locally. 
For the tables below, the key is 
Upper value: Channel no. 
Lower value: Power deviation as defined above. 
ANTI representation: One node per cross section of channel. 
(Coupling coefficients as in Eq. 5.2.11). 
(Jnroddcd standard c o r « : 
1 2 3 « 
0.07 0.03 0.05 -0.02 
9 10 11 






- 0 . 0 2 - 0 . 0 5 
12 13 
- 0 . 0 3 - 0 . 0 4 
IS 19 
- 0 . 0 2 -0 .05 
22 23 












Control in channel no 1: 
1 2 3 4 5 6 7 8 
-0.03 0.09 0.06 0.00 -0.02 -0.06 -0.09 -0.07 
9 10 11 12 13 14 , 15 
0.12 0.06 0.02 -0.03 -0.05 -0.02 -0.04 
16 17 18 19 20 
0.05 0.00 -0.03 -0.006 0.01 
21 22 23 24 
0.01 -0.03 0.11 0.03 
25 26 
-0.04 0.01 
Control in channel no. 23; 
1 2 3 4 5 6 7 8 
0.00 -0.04 -0.01 -0.04 -0.03 -0.06 -0.07 -0.06 
9 10 11 12 13 14 15 
0.00 -0.03 -0.01 -0.02 -0.04 0.00 -0.02 
16 17 18 19 20 
0.00 -0.01 0.05 0.02 0.09 
21 22 23 24 
0.02 0.04 -0.04 0.05 
25 26 
0.07 0.02 
Control in channel no. 24: 
1 2 3 4 5 6 7 8 




- 0 . 0 3 
16 
- 0 . 0 1 
11 
- 0 . 0 2 
17 
- 0 . 0 2 
12 
- 0 . 0 3 
18 
- 0 . 0 1 
13 




- 0 . 0 1 
20 
0 .07 
21 22 23 24 




Fiss ion c r o s s s e c t i o n s increased by 10% for channel no. 6: 
1 2 3 4 5 6 7 8 
0.07 0.04 0.05 0 .00 - 0 . 0 2 0.01 - 0 . 0 8 - 0 . 0 6 
9 10 11 12 13 14 15 
0.07 0.04 0 .01 - 0 . 0 4 - 0 . 0 4 - 0 . 0 2 - 0 . 0 4 
16 17 18 19 20 
0.03 0.00 - 0 . 0 2 -O.0S 0 .02 
21 22 23 24 
0 .01 - 0 . 0 2 0.09 0 .03 
25 26 
- 0 . 0 2 0 .02 
ANTI representation: Pour nodes per cross section of channel. 
(Coupling coefficients as in Eq. 5.2.12) 
Unrodded standard core : 
1 2 3 4 5 6 7 8 
0.02 0.08 0 .01 0 .03 - 0 . 0 7 - 0 . 0 6 - 0 . 0 9 0 .01 
9 10 11 12 13 14 15 
0.00 0 .04 - 0 . 0 4 - 0 . 0 2 - 0 . 0 9 0.02 0 .06 
16 17 18 19 20 
- 0 . 0 4 0.01 - 0 . 0 7 - 0 . 0 1 0.05 
21 22 23 24 
- 0 . 0 5 0.00 0.01 0 .06 
25 26 
- 0 . 0 3 0.07 
Control in channel no. 1: 
1 2 3 4 5 6 7 3 
0.08 0.06 -0.02 0.03 -0.08 -0.07 -0.10 0.02 
9 10 11 12 13 14 15 
0.01 0.03 -0.05 -0.02 -0.09 0.02 0.07 
16 17 18 19 20 
-0.04 0.00 -0.07 -0.01 0.05 
21 22 23 24 
-0.05 0.01 0.01 0.09 
25 26 
-0.04 0.08 
Control in channel no. 23: 
1 2 3 4 5 6 7 8 
0.01 0.10 -0.04 0.04 -0.09 -0.07 -0.11 -0.05 
9 10 11 12 13 14 15 
-0.02 0.04 -0.06 -0.01 -0.09 0.01 0.06 
16 17 18 19 20 
-0.06 0.01 -0.04 0.01 0.05 
21 22 23 24 
-0.04 0.02 0.06 0.04 
25 26 
0.01 0.03 
Control in channel no. 24: 
1 2 3 4 5 6 7 8 
0.03 0.10 -0.02 0.05 -0.08 -0.06 -0.10 0.01 
9 10 11 12 13 14 IS 
0.00 0.04 -0.05 -0.01 -0.07 0.01 0.06 
16 17 18 19 20 
-0.04 0.01 -0.06 0.01 0.03 
21 22 23 24 




Fission cross sections increased by 10% Cor channel no. 6: 
1 2 3 4 5 6 7 3 
0.08 0.03 0.04 0.04 -0.12 -0.19 -0.18 -0.03 
9 10 11 12 13 14 15 
0.05 0.08 -0.02 -0.03 -0.15 -0.05 0.04 
16 17 18 19 20 
0.01 0.04 -0.05 -0.02 0.04 
21 22 23 24 
-0.02 0.03 0.02 0.09 
25 26 
-0.01 0.09 
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